The morphology and spatial distribution of the different types of neuromasts encountered on the trunk lateral line of the sea bass (Dicentrarchus labrax) were examined using scanning electron microscopy. The sea bass trunk lateral line exhibits a complete straight pattern. In their basic features, the two types of neuromasts present, canal and superficial, resemble what has been described in other fishes. They are similar in their general cellular organization but differ in sizes, and shapes, as well as in the densities and lengths of their hair bundles. However, the sea bass trunk lateral line distinguishes itself in several ways. For instance, the pores of the canal segments are partially obstructed due to the overlap of scales throughout the trunk. Moreover, based on the density and length of the hair bundles, two distinct areas, central and peripheral, could be distinguished within the maculae of canal neuromasts. Their cupulae are also peculiar as they possess two wing-like extensions and that their central core appears to be organized in layers instead of columns. In addition, the superficial neuromasts, up to 6 per scale, are either round or elliptical and seem to be distributed serendipitously. Finally, within the maculae of both types of neuromasts, a significant number of hair bundles do not follow the two-directional polarity pattern usually described. Although some hypotheses are proposed, the influence of these characteristics in terms of signal encoding and fish behavior is yet to be understood.
Introduction
The mechanosensory lateral line system is found in all fishes and most amphibians [Dijkgraff, 1962; Blaxter, 1987; Lannoo, 1987; Webb, 1989a; Northcutt, 1992] . In fishes this sensory system functions as a detector of low-frequency water displacements, relative to the body of the animal [Denton and Gray, 1983; Bleckmann, 1993; Coombs and Montgomery, 1994; Coombs et al., 1996] . This capacity enables the fish to detect prey and/or predators [Hoekstra and Janssen, 1986; Montgomery, 1989; Bleckmann, 1993; Montgomery and Hamilton, 1997; Coombs, 1999; Janssen et al., 224 Brain Behav Evol 2003; 62:223-232 Faucher/Aubert/Lagardere 1999], stationary objects [Dijkgraaf, 1962; Blaxter and Batty, 1985; Bleckmann, 1993] and congeners [Partridge and Pitcher, 1980; Janssen et al., 1995] . The lateral line also seems to be involved in rheotaxis, that is orientation and/or movement in regard to currents [Bleckmann, 1993; Pavlov and Tyuryukov, 1993; Northcutt, 1997; Baker and Montgomery, 1999a, b; Coombs et al., 2001] .
The functional units of the lateral line system are the neuromasts Northcutt, 1992; Bleckman, 1993] . These are present on the head, trunk and tail Northcutt, 1997] . Each neuromast is composed of sensory hair cells and support cells covered by a cupula and surrounded by mantle cells [Münz, 1979] . In fishes, one distinguishes two major types of neuromasts: canal neuromasts, contained in subdermal tubelike ducts; and superficial neuromasts, located on the epidermis . The overall morphology and spatial distribution of lateral line systems have been studied in many teleost [see for review] and non-teleost [Maruska, 2001] fishes. The data indicate that there is a diversity of distribution patterns. For instance, regarding canal neuromasts, eight trunk canal patterns have been described [Webb, 1989b] . Likewise, the network of ducts on the head exhibits diverse complexities according to species Webb, 1989b] . The variability is even more pronounced concerning superficial neuromasts as their number and spatial distribution vary considerably among species [Münz and Class, 1983; Song, 1984; Northcutt, 1989] .
Although similar in their basic structure, the two types of neuromasts differ in many ways. Canal neuromast are usually larger than superficial neuromasts [Münz, 1979; Webb, 1989c; Song and Northcutt, 1991; Maruska and Tricas, 1998; Northcutt et al., 2000] and possess more hair cells [Münz, 1979; Webb, 1989c; Song and Northcutt, 1991; Tsukamoto et al., 1995; Webb and Northcutt, 1997] . Differences are also observed in their accessory structures such as the sizes and shapes of their cupulae and their respective afferent and efferent innervation [Flock and Wersäll, 1962; Münz, 1979 Münz, , 1989 Münz and Class, 1983; Janssen et al., 1987; Kroese and Schellart, 1992] . Taken together, these findings suggest that the contribution of the two types of neuromasts during stimulus processing might be different. Indeed, it has been shown that superficial neuromasts mainly function as detectors of water velocity, whereas canal neuromasts appear to respond to water acceleration [Denton and Gray, 1983; Kroese and Schellart, 1992] .
However, it is still unclear what are the respective biological functions of the two types of neuromasts in reference to the fish habitats or lifestyles [Dijjkgraaf, 1962; Janssen et al., 1987; Coombs et al., , 2001 Münz, 1989; Maruska, 2001] . In addition, the great variety of structure and spatial organization of lateral lines observed among species suggest that they might fulfill different functions in terms of fish behavior.
Our present study describes the spatial distribution and morphological characteristics of the canal and superficial neuromasts observed on the trunk lateral line of the sea bass (Dicentrarchus labrax). We report the similarities and differences observed between those neuromasts. We also point out the peculiar aspects of the sea bass trunk lateral line as compared to that of other fishes. We do not intend, at this point, to establish any relationship between the morphological aspects and the biological functions of the different components of the lateral line. Rather, our study should be considered a basis for further experiments, which will examine the physiological responses of the lateral line systems of coastal fishes in regards to the constraints of their environmental conditions.
Materials and Methods
In order to identify and describe the different morphological types of lateral line neuromasts, thirty-seven specimens of sea bass (Dicentrarchus labrax, L.) were examined. The fish used in this study averaged 20 cm in length and 120 g in weight. They were obtained from a commercial source (Ferme des Baleines, Ile de Ré, France). All specimens were housed under natural photoperiod and constant temperature (16°C) in 240 liter tanks filled with filtered seawater. The animals were fed with live molluscs and crustaceans.
After anesthesia with 75 mg/l MS222 (3-aminobenzoic acid ethyl, Sigma), the trunk lateral lines were isolated and transferred into an artificial solution (composition in mM: NaCl: 150; KCl: 5; CaCl 2 , 2 H 2 O: 3; MgCl 2 , 6 H 2 O: 1.5; HEPES: 10; adjusted to pH: 8). Samples of 2 to 3 consecutive scales were obtained. When needed, the roof of the canal was carefully removed in order to expose the canal neuromast.
Each sample was fixed in 4% glutaraldehyde (Fisher Scientific Labosi) in sodium cacodylate buffer (0.4 M, pH 7.2), dehydrated in graded acetone and critical point-dried using liquid CO 2 (BALTEC CPD 030). The samples were then mounted on brass supports and sputter coated with gold (Cressington Sputter Coat). Scanning electron microscopic observations were performed with a JEOL JSM-5410LV microscope.
The quantitative measures reported herein were obtained from scanning electron microscopy recordings using the image analysis software Biocom Visiol b 200.
Quantitative data are expressed as the mean B SEM (standard error mean). Statistical analyses were performed using the non-parametric test of Mann and Whitney. 
Results
The trunk lateral line of the sea bass consisted of a single row of modified scales which run within the mid-section of each flank from the operculum up to the tail. No canal nor superficial neuromast was observed outside that specific area. Each modified scale exhibited one subdermal tube, or canal segment, ending in two openings: a suprascalar pore on the rostral side of the scale and an infrascalar pore on the opposite end. No other opening was observed. Due to the overlap of the modified scales throughout the trunk, the suprascalar pore was located just below the opening of the infrascalar pore of the preceding scale.
According to their location on the scales, two different types of neuromasts were identified along the trunk lateral line. One could distinguish between canal neuromasts and superficial neuromasts.
Superficial Neuromasts
In order to study the presence of superficial neuromasts, a total of 894 scales were examined. When present, superficial neuromasts were observed superficially on the epidermis of the modified scales. They were always localized on the sides of the caudal end of the canal segments ( fig. 1A , B). The number of superficial neuromasts per scale varied from zero to six. Each superficial neuromast was composed of a sensory macula surrounded by non-sensory mantle cells ( fig. 1C , D). The macula was often covered by a cupula as the latter could be partially or totally absent following the use of MS222. Two shapes of superficial neuromasts were observed: elliptical ( fig. 1C ) or round ( fig. 1D ). The former were, for the most part, oriented perpendicularly to the rostro-caudal axis of the scale. Measures indicated that elliptical neuromasts were 50.48 B 14.17 Ìm long (n = 134) and 28.15 B 9.34 Ìm (n = 134) wide for a mean surface area of 983.96 B 691.73 Ìm 2 (n = 134). The average diameter for the round superficial neuromasts was 32.64 B 11.98 Ìm (n = 120) which corresponded to an average surface area of 823.27 B 609.87 Ìm 2 (n = 120).
When present the cupulae were usually cylindrical or 'tongue-like' (fig. 1C ). Their mean surface area at the base was 670.63 B 561.02 Ìm 2 (n = 145). The cupulae appeared to be organized in columnar compartments.
In the absence of cupulae, one could observe the sensory maculae delimited by the hair bundles of the sensory cells ( fig. 2A, B) . The sensory areas were always round whatever the overall shape of the neuromast. Their mean surface area was 411.85 B 386.35 Ìm 2 (n = 83).
Two types of hair bundles were observed: 'normal' ones with one kinocilium and about 20 stereocilia arranged in 5 to 6 rows of increasing size ( fig. 2C, D) . Some 'shorter' hair bundles, deprived of kinocilium, with smaller stereocilia were also observed throughout the sensory Fig. 3 . Scanning electron micrographs of modified scales and canal neuromasts exposed after removal of the roof of the canal segment. A, B Two examples of canal neuromasts. There is only one canal neuromast per modified scale which is always located within the midsection of the canal segment (scale bar = 500 Ìm; CS: canal segment; CN: canal neuromast). C, D Enlargements of two canal neuromasts together with their cupula (scale bar = 50 Ìm). The main body of the latter runs parallel to the axis of the canal segment whereas the two wing-like extensions are perpendicularly oriented. maculae. Most kinocilia exhibited a swollen tip. The average number of hair bundles per macula, including the 'shorter' ones, was 43 B 15 (n = 16) which corresponded to an average density of 0.14 B 0.07 hair bundle/Ìm 2 . When possible, the lengths of the kinocilia and stereocilia were measured. The kinocilia were 7.42 B 1.70 Ìm (n = 55) long on average whereas the lengths of the longest and shorter stereocilia were, respectively, 1.90 B 0.49 Ìm (n = 46) and 0.46 B 0.12 Ìm (n = 33).
The eccentric position of the kinocilium in regard to the stereocilia conferred a morphological orientation for each hair bundle. A closer look at the hair bundles within each macula did reveal a specific pattern of orientation.
However, pairs of hair bundles with the opposite morphological orientation were also observed.
Canal Neuromasts
A total of 277 modified scales were examined in order to study the presence and morphological characteristics of canal neuromasts. These observations were made possible by removal of the roof of each canal segment. The total length of the segments was between 1.5 and 2.5 mm (n = 67). Their widths were larger in the middle than on the ends: 360 B 70 Ìm (n = 128) vs. 280 B 45 Ìm (n = 60) (U = 6418, p ! 0.005). Only one canal neuromast could be observed on the floor of each segment ( fig. 3A, B) . It was positioned in the center of the canal segment. Although the structural organization of the canal neuromasts was similar to that of the superficial neuromasts, differences were observed.
Canal neuromasts were always lozenge-shaped with a main axis oriented dorso-ventrally. The mean length and width of these neuromasts were 272.57 B 95.29 Ìm and 179.31 B 62.02 Ìm (n = 101), respectively, for a mean surface area of 0.0347 B 0.0249 mm² (n = 101).
The shape of the cupulae was elliptical with two winglike extensions ( fig. 3C, D) . The 'wings' were always oriented perpendicularly to the canal's main axis. In contrast to superficial neuromasts, no columnar organization of the cupulae was observed. It seemed that the cupulae were composed of a succession of several layers of decreasing sizes organized to form a pyramid-like structure. The mean surface area measured at the basis of the cupulae was 0.018 B 0.017 mm² (n = 79).
The maculae of canal neuromasts were elliptical with a rostro-caudal main axis ( fig. 4A ). Their mean surface area was 0.016 B 0.013 mm² (n = 91). The average number of hair bundles per maculae was 802 B 414 (n = 18), which corresponded to an average density of 0.052 B 0.027/ Ìm 2 . Statistical analyses indicated that the maculae of canal neuromasts could be divided into two different areas. Indeed, the density of hair bundles in the periphery of the maculae was significantly higher than in the central part: 0.075 B 0.039 hair bundles/Ìm 2 (n = 7) vs. 0.042 B 0.015 hair bundles/Ìm 2 (n = 15; U = 81, p ! 0.045) ( fig. 4B) . As for the superficial neuromasts, these numbers included hair bundles with smaller stereocilia and no kinocilium. Several kinocilia exhibited a bulbous ending ( fig. 4C ). In addition, significant differences in length for kinocilia and stereocilia were also observed ( fig. 4C, D) . The longest stereocilia located at the periphery of the maculae were on average shorter (2.25 B 0.69 Ìm, n = 34) than those present in the central part (2.98 B 0.80 Ìm, n = 13; U = 334, p ! 0.008). Peripheral kinocilia were 9.04 B 3.19 Ìm (n = 47) long on average whereas the central ones reached 5.18 B 1.41 Ìm (n = 24; U = 151, p ! 0.001).
As mentioned for superficial neuromasts, no preferential orientation of the hair bundles within the maculae of canal neuromasts was clearly established, although some pairs of hair bundles with the opposite orientation were observed.
Discussion
The data presented herein are original observations of the spatial distribution and morphological characteristics of two types of neuromasts present on the trunk lateral line of the sea bass (Teleostei, Perciformes, Serranidae). These are preliminary results of a larger study, designed to address the possible involvement of the lateral line system in the physiological capacities of coastal fishes to adapt to the constraints of their environment.
The spatial distribution of the neuromasts throughout the body of the fish determines the amplitude of the receptive field of the lateral line sensory system [Denton and Gray, 1983] . Among teleosts, the Perciformes exhibit the whole spectrum of trunk patterns Webb, 1989b] . In the sea bass, the trunk lateral line showed the characteristics of a complete straight pattern according to the classification proposed by Webb [1989b] . Indeed, the presence of canal and superficial neuromasts was restricted to a single row of modified scales located within the midsection of both flanks. As observed in most teleosts Webb, 1989b] , it was continuous with the postotic canal of the head lateral line system and runs from the slit of the operculum up to the caudal peduncle. It can be noted that this is the first time a straight pattern is described for a species of the Serranidae family.
All modified scales possessed a centered tube-like structure, or canal segment, oriented along a rostrocaudal axis. Each canal segment was spindle-shaped and was open by only two pores: one suprascalar pore on the rostral side of the segment and one infrascalar pore on the opposite side. Due to the partial overlap of the scales the infrascalar pore was positioned just above the suprascalar pore of the canal segment of the subsequent scale. This contrasts with several reports that indicate that in most teleosts the canal segment is generally directly connected to the external medium by one or two pores, or by tubules which allow water flow within the canal segment [Flock, 1965; Münz, 1979; Appelbaum and Schemmel, 1983; Webb, 1990; Harvey et al., 1992; Kroese and Schellart, 1992] . This suggests that in the sea bass water entry within the canal segment might be greatly reduced.
According to their position, two types of neuromasts were identified along the trunk lateral line: superficial neuromasts, present on the upper surface of the modified scales and canal neuromasts, located on the floor of each canal segment. As expected, due to their common origin [Dijkgraaf, 1962; Coombs et al., 1989 for review; Webb, 1989c] , the two types of neuromasts were similar in their general aspect. They were both composed of a central area, or macula, covered by a gelatinous cupula, which was surrounded by a differentiated epithelium. The use of scanning electron microscopy did not allow us to examine the ultrastructure of the neuromasts. However, the literature indicates that the central area, or macula, is composed of sensory mechanoreceptors, or hair cells, intermingled with support cells, whereas the surrounding epithelium corresponds to non-sensory mantle cells [Flock, 1965; Yamada, 1973; Münz, 1979; Tatsuoka and Hama, 1987; Cernuda-Cernuda and García-Ferná ndez, 1996] .
As it is usually observed in teleosts [Flock, 1965; Coombs and Montgomery, 1989; Münz, 1989; Webb, 1989a Webb, , b, 1990 Tsukamoto et al., 1995] there was only one canal neuromast per scale. It was positioned at the midpoint between the two pores where the canal segment was wider. In contrast to canal neuromasts, the number of superficial neuromasts per modified scale varied from 0 to 6. When present, they were positioned close to the caudal end of the canal segment. Consequently, they were never covered by the flap of the preceding scale. We were unable to establish a specific pattern of distribution for these neuromasts along the trunk lateral line. For instance, they did not form distinctive lines or rows as observed in Cichlidae [Münz and Class, 1983; Webb, 1990] , Congridae [Hama, 1978] or Notothenioidae [Coombs and Montgomery, 1994] . They appeared to be serendipitously distributed on the dorsal and/or ventral sides of the hump formed by the canal segment. Thus, according to their position on the scale, superficial neuromasts might be potential targets for stimuli in the form of water disturbances coming from all directions.
Neuromast morphology defines which type of information is encoded [Kroese and Schellart, 1992] . Although similar in their general aspect, canal and superficial neuromasts differed in many ways. For instance, as observed in studies performed on different fish species [Hama and Yamada, 1977; Münz, 1979; Best and Gray, 1982; Rouse and Pickles, 1991; Coombs and Montgomery, 1994; Tsukamoto et al., 1995; Maruska, 2001] , canal neuromasts were always lozenge-shaped. Their maculae were invariably elliptical with a longitudinal axis parallel to the canal axis. In contrast, superficial neuromasts were either round or elliptical. Elliptical superficial neuromasts were previously observed on the trunk lateral lines of the Plaice [Harvey et al., 1992] and the channel catfish [Northcutt et al., 2000] whereas round ones were seen in the Herring [Blaxter et al., 1983] and the Florida gar [Song and Northcutt, 1991] . However, the concomitant presence of the two shapes of superficial neuromasts on the same scale, as reported herein, has only been described in cichlids [Webb, 1989c [Webb, , 1990 . The author then suggested that elliptical neuromasts were precursors of canal neuromasts. However, in the present study this appears to be unlikely as the maturation of canal neuromasts is already achieved. Finally it can be noted that the maculae of superficial neuromasts were always circular whatever the overall shape of the neuromast.
Other characteristics of hair cell densities and polarizations such as their size also need to be examined as those are directly related to the capacity of each neuromast to detect and encode stimuli. Among those parameters, the most striking difference is size. Although there is wide intra-type variability, canal neuromasts were 30 to 40 times bigger than superficial neuromasts. Similar size ratios were also observed for the maculae. These size differences are commonly observed in fishes [Münz, 1979; Webb, 1989c; Song and Northcutt, 1991; Maruska and Tricas, 1998; Northcutt et al., 2000] . However, one can observe that the actual sizes reported herein are lower than those measured in Siluridae [Northcutt et al., 2000] or Cichlidae [Münz, 1979] for example.
No hair cell per se was observed in this series of experiments. Their presence was implied by the observation of hair bundles. As previously reported [Münz, 1979; Webb, 1989c; Song and Northcutt, 1991; Tsukamoto et al., 1995; Webb and Northcutt, 1997] , the number of hair bundles was higher in canal neuromasts than in superficial ones. However, an estimation of the hair bundle densities indicated that those were higher in superficial neuromasts. These data agree with those of Webb and Northcutt [1997] in non-teleost fishes. The hair bundles were homogeneously distributed throughout the maculae of superficial neuromasts. In contrast, there were clearly two different hair bundle regions within the maculae of canal neuromasts. In the central part of the maculae the hair bundles were sparse, whereas in the vicinity of the periphery the density of hair bundles was significantly higher. To our knowledge, this is the first time that a different distribution of mature hair bundles within the maculae of canal neuromasts is reported.
Each hair bundle was composed of about twenty stereocilia arranged in five to six rows of increasing size toward a kinocilium. The small number of stereocilia observed is consistent with the data reported by others [Flock, 1965; Hama, 1965; Yamada, 1973; Rouse and Pickles, 1991] . When possible the lengths of kinocilia and stereocilia were measured. The mean values obtained were similar to those reported in teleost [Flock, 1965; Blaxter et al., 1983; Webb, 1989c; Rouse and Pickles, 1991; Yamada and Hama, 1995] and non-teleost fishes [Yamada, 1973; Hama and Yamada, 1977; Webb and Northcutt, 1997; Peach and Rouse, 2000; Maruska, 2001] . Some studies have mentioned that the hair bundles were usually taller in superficial neuromasts than in canal neuromasts [Song and Northcutt, 1991; Webb and Northcutt, 1997] . This was indeed observed for the hair bundles present within the central area of canal neuromasts. However, the hair bundles present in the peripheral area of canal neuromasts were taller than those of superficial neuromasts.
A closer look at the maculae in both types of neuromasts revealed the presence of smaller hair bundles in which the kinocilium was lacking and the stereocilia were shorter. These could correspond to damaged hair bundles, resulting from the treatment and handling of the tissue samples, or to immature, precursor, hair cells as seen by Rouse and Pickles [1991] . The general aspect of the hair bundles and the stereocilia seems to point toward the second hypothesis.
The eccentric position of the kinocilium in regards to the stereocilia confers a morphological orientation for each hair bundle. This typical display is known to be responsible for the directional sensitivity of each hair cell in response to stimulation [Flock and Wersäll, 1962; Flock, 1965; Wersäll et al., 1965; van Netten, 1997] . Therefore, an examination of the hair bundles' orientation within the macula should indicate the axis of maximum sensitivity for a given neuromast in response to stimulation. Since Flock's observation in 1965 on the burbot, Lota vulgaris, it is generally accepted that within the macula hair bundles are associated in pairs of opposing polarities [Best and Gray, 1982; Blaxter et al., 1983; Tatsuoka and Hama, 1987; Kroese and van Netten, 1989; Webb, 1989c; Song and Northcutt, 1991; Harvey et al., 1992; Tsukamoto et al., 1995; Webb and Northcutt, 1997] . However, in the present study this two-directional pattern could not be established in either canal or superficial neuromasts. Paired hair bundles oriented along the main axis of the neuromasts were seen, but those were intermingled with hair bundles oriented in various directions. Although puzzling these data are supported by the studies of Maruska [2001] and Harvey et al. [1992] which indicated the presence of hair bundles with different polarities throughout the maculae of the Atlantic Stingray and/or the Plaice and the Sole, respectively. In addition, Rouse and Pickles [1991] have shown in two species of teleosts that hair bundles develop in pairs but lose this characteristic as they mature. Therefore, although challenging in terms of signal processing, it seems difficult to neglect the presence of hair bundles that do not fit the two-directional pattern. Only electrophysiological recordings performed at the hair cell level and on the afferent fibers could determine the function of these sensory cells.
The final significant difference between the two types of neuromasts relies on the shape and structure of their cupula. It is generally accepted that the presence of the cupulae is essential to the sensory role of the neuromasts. Its primary function is to transfer the motion of fluid within the canal into displacement of the hair bundles Gray, 1983, 1989; van Netten and Kroese, 1989] . The cupulae of superficial neuromasts were as expected: circular at the base and more or less cylindrical with a typical framework of vertically oriented columns [Munz and Claas, 1983; Kelly and van Netten, 1991] . Those of canal neuromasts were composed of two parts: a main body oriented along the main axis of the canal segment and two lateral sail-like wings positioned perpendicular to the neuromast axis. The main body, which covers the entire macula, resembled a pyramid with a lozengeshaped base. It does not appear to comply to the general framework of vertically oriented columns but rather seems to be constructed by a piling of different layers with decreasing sizes.
In conclusion, the gross morphology of the trunk lateral line of the sea bass resembles that of many teleosts. However, it presents some discrepancies, which might have implications for the biological functions of each type of neuromast, and for the lateral line as a whole. The physiological consequences of these differences and their implications in terms of behavior of the sea bass in response to stimulation are yet to be understood. In addition, these data need to be complemented by observations of the cephalic and tail components of this sensory system.
